Direct immersion solid-phase microextraction (DI-SPME) coupled with gas chromatography-mass spectrometry (GC-MS) was developed for rapid analysis of clenbuterol in pork for the first time. In this work, a low-cost homemade 44 µm polydimethylsiloxane (PDMS) SPME fiber was employed to extract clenbuterol in pork. After extraction, derivatization was performed by suspending the fiber in the headspace of the 2 mL sample vial saturated with a vapor of 100 µL hexamethyldisilazane. Lastly, the fiber was directly introduced to GC-MS for analysis. All parameters that influenced absorption (extraction time), derivatization (derivatization reagent, time and temperature) and desorption (desorption time) were optimized. Under optimized conditions, the method offered a wide linear range (10-1000 ng g −1 ) and a low detection limit (3.6 ng g
Introduction
Clenbuterol ( Figure 1A) , one of the families of β 2 -adrenergic agonists, is mainly used as a bronchodilator for the treatment of asthma and other respiratory diseases (1) . However, owing to the property of enhancing muscle and decreasing fat deposition, clenbuterol was illegally used in the animal industry, and it led many poisoning incidents (2) . Consequently, a reliable, sensitive and specific method for the detection and quantitation of clenbuterol is of great significance.
Several analytical techniques of clebuterol in biological samples are documented in the literatures, such as liquid chromatography (LC) (3) (4) (5) , LC-mass spectrometry (LC-MS) (6, 7) , LC-tandem MS (LC-MS-MS) (8) (9) (10) , enzyme-linked immunosorbent assay (11, 12) , gas chromatography (GC) (13) and GC-MS (14, 15) . In most of these works, solid-phase extraction was used as a sample pretreatment method for extracting and purifying samples. However, it had unavoidable shortages such as time-consuming, labor-intensive and environmentally unfriendly due to the abundant use of organic solvents.
With the development of sample separation techniques, solidphase microextraction (SPME) was put forward and widely developed as a simple and green sample pretreatment technique, which integrates sampling, isolation and preconcentration into one step and substantially reduces solvent use (16) (17) (18) (19) . In the future, the development of SPME mainly focusses on in vivo sampling techniques for directly analyzing target analytes in living systems. In addition, studies on the new types of coating materials for polar analytes are also challenging (20) . SPME has been applied in the determination of β 2 -adrenergic agonists in biological and environmental samples in the past decade. Engelmann et al. (13) extracted clenbuterol in the aqueous samples by SPME fiber with headspace configuration. Melwanki et al. (2) analyzed clenbuterol in human urine samples by using a cooling SPME assembly. Liang et al. (21) extracted clenbuterol by directly immersing SPME fiber into spiked swine urines. Aresta et al. (22) determined clenbuterol in human urine and serum by SPME coupled with LC. Du et al. (23) analyzed several β 2 -adrenergic agonists in swine samples with high-performance liquid chromatography (HPLC)-UV by employing a commercial 65 µm poludimethylsiloxane/divinylbenzene (PDMS/DVB) fiber. However, in all of these studies, SPME fibers were only introduced into liquid samples because of the mechanical fragility of commercial SPME fibers. It is easily broken down if the fiber is directly introduced into solid or semisolid sample. Biofouling is another limitation for DI-SPME in biological tissues with high-cost commercial fibers (24) . Therefore, it is necessary to transfer clenbuterol from solid or semisolid samples to cleaner liquid samples. As a result, extra sample preparation procedures are required, and the use of SPME fiber is largely limited. To solve these problems, the homemade disposable SPME fiber with flexible supporting core documented in the literature was an ideal alternative to commercial fibers (25) .
The aim of this work was to develop a method for rapid determination of clenbuterol in pork cheaply by using SPME followed by derivatization and GC-MS analysis. Extraction and derivatization conditions such as extraction time, derivatization reagent, time and temperature and desorption time were investigated and optimized. Finally, the proposed method was used to analyze clenbuterol in market pork.
Experimental

Chemicals and reagents
Clenbuterol was purchased from Dr Ehrenstorfer GmbH (Augsburg, Germany). Derivatization reagent hexamethyldisilazane (HMDS) was purchased from Sigma-Aldrich (St Louis, MO, USA). Derivatization reagents N,O-bis(trimethylsilyl) trifluoroacetamide (BSTFA), N-tertbutyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA), 99% BSTFA with 1% trimethylchlorosilane (TMCS) (hereafter BSTFA + 1% TMCS) and 99% N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) with 1% (trimethylsilyl)imidazole (TMSI) (hereafter MSTFA + 1% TMSI) were purchased from Regis Technologies, Inc. (Morton Grove, IL, USA). Pentafluoropyridine (PFPy) was purchased from Acros Organics (Geel, Belgium). Cyclohexane and acetic anhydride (AA) were purchased from Guangzhou Chemical Reagent Company (Guangzhou, China). NaOH was purchased from Guangdong Guanghua Chemical Factory Co. Ltd (Guangzhou, China). Methanol (HPLC grade) was purchased from CNW Technologies GmbH (Shanghai, China).
Stock standard solution of clenbuterol (500 mg L −1
) was prepared in methanol and stored at 4°C in darkness. Working solutions were freshly prepared by diluting the stock standard solution with ultrapure water.
SPME fiber preparation
The extraction performance of SPME is decided by the coating absorbents. Many kinds of materials have been used as coating absorbents to improve the extraction performance in recent years (26) (27) (28) (29) (30) . In this work, the preparation of 44 µm disposable PDMS fiber had been reported in earlier works (31, 32) . Briefly, a piece of well-cut PDMS tube (1.0 cm) was fixed at one end of a piece of clean stainless steel wire (length 3.5 cm and diameter 127 µm) by epoxy resin glue. Then, the homemade fibers were placed in the air at room temperature for 12 h till the glue was solidified completely. Before use, the prepared PDMS fibers were conditioned in nitrogen flow at 250°C for 30 min to remove the impurity. The homemade PDMS fibers were used only once in our present work.
Sample preparation
The parameter optimization, method validation and recovery testing were carried out by using spiked minced pork samples. The spiked pork sample was prepared by adding working solution into 2.0 g blank pork in 10 mL sample vial. According to the reported article (2), clenbuterol exists as neutral form at pH 12. Therefore, the spiked pork samples were adjusted to pH 12 with 1 M NaOH solution and ultrapure water.
Extraction
There are three modes of SPME operation, including direct immersion mode, headspace mode and membrane-protected mode. As the direct immersion mode is suitable for polar compounds with medium-to-low volatility and has the highest extraction efficiency, DI-SPME was chosen in the present work. The homemade PDMS fibers were directly introduced into the prepared samples for a certain time duration. Then the sample vials were stirred at a speed of 500 rpm during the extraction process with a TALBOYS Advanced Digital Vortex Mixer (Thorofare, NJ, USA).
Derivatization
After extraction, the fiber was wiped with a Kimwipe tissue to remove the residual pork sample on the fiber and then suspended in the headspace of a 2 mL amber vial, which was saturated with vapor of the derivatization reagent by being kept at a certain temperature with water bath. When the derivatization was finished, the fiber was directly injected into GC-MS for desorption and analysis. 
Instrumental analysis
Instrumental determinations were performed using an Agilent 6890N GC combined with an Agilent 5975 MS with an EI source (Agilent Technologies, CA, USA). GC separation was performed with a HP-5 MS column (0.25 µm film thickness, 0.25 mm × 30 m, Agilent Technologies). The GC injection port and transfer line were maintained at 250 and 280°C, respectively. Splitless injection was carried out. Ultrapure helium was used as the carrier gas, and the flow rate was set at 1.2 mL min −1 . The temperature program was set as follows: the initial temperature of 80°C was ramped to 220°C at a rate of 30°C min −1 , then ramped to 245°C at a rate of 5°C min −1 and finally increased to 280°C at a rate of 30°C min −1 and then held for 2 min. The total run time was 12.83 min. Ions at m/z 73, 86, 243, 262 and 277 were chosen for quantification. Figure 2 showed the extraction and derivatization procedures. Blank pork samples were employed for spiking experiments. In this work, derivatization reagent, time and temperature and extraction and desorption time were investigated in order to obtain the optimum conditions.
Results
SPME optimization
Optimization of derivatization reagent
To obtain the best derivatization efficiency, seven derivatization reagents were tested. The derivatization product was shown in Figure 1B. An aliquot of 1 mL of working solution (1000 µg L −1 ) was transferred into 2 mL amber vial and evaporated to dryness in a Figure 2 . Schematic diagram of extraction and derivatization procedures. (A) The PDMS fiber was exposed in homogenized pork sample for extraction at 500 rpm and room temperature and (B) the fiber was transferred and suspended in the headspace of a 2 mL amber vial containing 100 µL HMDS for derivatization. This figure is available in black and white in print and in color at JCS online.
stream of nitrogen. Then, each of the derivatization reagents was added to the dry residue for derivatization at 75°C for 90 min. The resulting solutions were diluted with cyclohexane to 1 mL. Lastly, 1 µL volume of each resulting solution was injected into GC-MS for analysis. The results showed that the reactivity of derivatization reagents toward clenbuterol could be ordered as MTBSTFA > HMDS > BSTFA > BSTFA-TMCS > MSTFA-TMSI (Figure 3 ). The derivatization products of AA and PFPy were not detected. To test derivatization efficiencies of the reagents for pork extracts, MTBSTFA and HMDS were selected for further optimization.
Optimization of derivatization time and derivatization temperature
The effect of derivatization time was studied over the time range from 5 to 60 min under 90°C. The spiked concentration of clenbuterol in homogenized pork was 100 ng g −1 .
The maximum measured signals were observed at 10 min for HMDS and 45 min for MTBSTFA ( Figure 4A ). Then, the optimum derivatization temperature was investigated. Higher temperature could lead to higher derivatization rate; however, the volatile derivative analyte was easier to desorb from the fiber. It was observed that the detector response reached maximum at 60°C for HMDS and at 90°C for MTBSTFA ( Figure 4B ). The derivatization performances of HMDS and MTBSTFA were compared under their own optimum conditions. The results were presented in Figure 4C . Considering that the derivatization can be finished in 10 min by using HMDS, HMDS was chosen and the derivatization conditions were 10 min at 60°C for further investigation.
Optimization of extraction time
The extraction time profile was investigated over a time range from 15 to 90 min. The homogenized pork was spiked to a concentration of 50 ng g −1 . It was observed that the extracted amount increased with the increasing of extraction time to 45 min ( Figure 5 ). After 45 min, the extended extraction time had little or no influence on the measured signal. Based on these results, an extraction time of 45 min was selected.
Optimization of desorption time
In this work, desorption temperature was set at 250°C with two considerations. One was the high temperature that would result in less carry-over, and the other was the homemade PDMS fiber that would damage under higher temperatures. In order to reduce carryover and to improve detective sensitivity, desorption time of the derivatized compound in the GC injection port was studied over the time range of 2-12 min. Results showed that the analyte was completely desorbed at 250°C after 5 min ( Figure 6 ). Hence, a desorption time of 5 min was chosen for further work.
Method validation Precision
The method intra-day repeatability was investigated by measuring spiked samples at three different concentrations. The relative standard deviations (RSDs) were no more than 11.0% (Table I) .
Linearity and limit of detection (LOD)
The linear range and detection limit of the proposed method had been evaluated under the optimized conditions. The calibration curve for clenbuterol in pork was built with spiked pork samples at seven concentration levels from 10 to 1000 ng g −1
. The method exhibited a wide linear range with good linear correlation coefficient (0.9995). Detection limit of clenbuterol was as low as 3.6 ng g −1 (signal-to-noise ratio of 3). The chromatograms of blank pork and spiked pork samples at 10 ng g −1 under optimized conditions are shown in Figure 7A and B,
respectively.
Real sample analysis
The proposed method was then applied to determine clenbuterol in three commercial pork samples, which were purchased from local markets. The results showed that clenbuterol was not detected in all samples. Then, the accuracy of the method was investigated by using spiked samples at three different levels. The recoveries ranged from 97.4 to 105.7%, which were listed in Table II .
Discussion
Our aim was to develop a faster and environmentally friendly method, which can be used directly to analyze clenbuterol in pork without extra prepreparation steps. However, the previous studies could not satisfy the aforementioned requirements (2, 12, 22) . To solve this problem, we proposed a method to realize direct extraction in the semisolid matrix with a good performance.
Selection of the fiber
As the mechanism of SPME is based on the partition of target analyte between the sample and the fiber coating, the stationary phase coated onto the fiber is critical in improving the SPME performance. In addition, the coating may be fouled and become unavailable when the extraction process is directly operated in a complex system. Considering the fragility of commercial fiber, the homemade PDMS was chosen to make sure that the extraction efficiency is satisfactory enough and to avoid being affected by the influence of proteins adsorption occurred at the interface between coating and matrix, because the extraction performance and the antifouling property of homemade PDMS had been proved by the previous studies (25, 33) .
Effect of derivatization reagent
Clenbuterol cannot be directly analyzed by GC because it is a nonvolatile compound. Therefore, derivatization was applied to alter the polarity and volatility of clenbuterol. According to the literature data (34), MSTFA possessed the highest reactivity of trimethylsilylation derivatizing, whereas the results of our experiment showed that MTBSTFA was the best. Additionally, the derivatization efficiency of HMDS was best at 90°C, but our results suggested that it turned to worst at the same temperature. It was mainly because the derivatization process happened on the coating, so that the efficiency of the chemical conversion of clenbuterol is determined by the affinity between the derivatization reagent and coating. Aside from this, the derivatization efficiency decreased along with the increase in temperature, as the coating-gas distribution constant K decreased as the temperature increased. Although MTBSTFA seemed to be the most effective, HMDS was chosen for further work by considering that the derivatization could be finished in a shorter time.
Method validations
The intra-day repeatabilities (n = 6) ranged from 4.4 to 11.0%, which indicated that the proposed method could be applied in the determination of clenbuterol in pork with satisfactory precision. Although it seemed that the LOD of our method was higher than those of the reported methods (35) (36) (37) , it should be noted that both solid-phase extraction and liquid-liquid extraction were exhaustive extraction methods, whereas SPME was not. Therefore, it was inappropriate to make a comparison between them. A lower LOD will be obtained with the development of a task-specific SPME fiber coating. Satisfactory recoveries ranging from 97.4 to 105.7% demonstrated that the proposed method could be used to determine clenbuterol accurately in commercial pork.
Conclusion
To our knowledge, DI-SPME coupled with GC-MS for the analysis of clenbuterol in pork was reported for the first time with satisfactory precision, wide linear range, low LOD and good recoveries. Compared with the national standard method of China, the proposed method had the advantages to be much greener, cheaper and less laborconsuming. Particularly, the analysis time of per sample was shortened significantly from about 4 to 1 h, and the disposable fiber used in this work costs less than 1 US$ for each piece. The proposed method showed a great potential for screening clenbuterol in market pork rapidly and cheaply. ). This figure is available in black and white in print and in color at JCS online.
